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ABSTRACT
LigD 30-phosphoesterase (PE) enzymes perform
end-healing reactions at DNA breaks. Here we
characterize the 30-ribonucleoside-resecting
activity of Candidatus Korarchaeum PE. CkoPE
prefers a single-stranded substrate versus a primer–
template. Activity is abolished by vanadate
(10mM), but is less sensitive to phosphate (IC50
50mM) or chloride (IC50 150mM). The metal require-
ment is satisfied by manganese, cobalt, copper or
cadmium, but not magnesium, calcium, nickel or
zinc. Insights to CkoPE metal specificity were
gained by solving new 1.5A ˚ crystal structures of
CkoPE in complexes with Co
2+ and Zn
2+. His9,
His15 and Asp17 coordinate cobalt in an octahedral
complex that includes a phosphate anion, which is
in turn coordinated by Arg19 and His51. The cobalt
and phosphate positions and the atomic contacts in
the active site are virtually identical to those in the
CkoPE·Mn
2+ structure. By contrast, Zn
2+ binds in
the active site in a tetrahedral complex, wherein
the position, orientation and atomic contacts of
the phosphate are shifted and its interaction with
His51 is lost. We conclude that: (i) PE selectively
binds to ‘soft’ metals in either productive or
non-productive modes and (ii) PE catalysis
depends acutely on proper metal and scissile phos-
phate geometry.
INTRODUCTION
Bacterial LigD phosphoesterase (PE) enzymes catalyze
manganese-dependent 30-end-healing reactions at DNA
double-strand breaks (DBSs) containing a 30-phosphate
or a 30-teminal diribonucleotide (1–6). When presented
with an all-DNA substrate, bacterial PE acts exclusively
as a 30-phosphomonoesterase to generate a 30-OH that can
serve as a primer for polymerase extension or as a strand
donor for ligation. When acting at a 30-diribonucleotide
end, bacterial PE performs two sequential healing steps.
First, the terminal nucleoside is removed by a phospho-
diesterase activity to yield a primer strand with a
ribonucleoside 30-PO4 terminus. Then, the 30-PO4 is
hydrolyzed by a phosphomonoesterase activity to
generate a 30-OH end (Supplementary Figure S1A). The
PE enzyme was initially characterized as one of three au-
tonomous catalytic domains—ligase (LIG), polymerase
(POL) and PE—that comprise bacterial DNA ligase D
(LigD), the central agent of the bacterial non-homologous
end-joining (NHEJ) pathway of DSB repair (7). The LigD
POL domain adds dNMP or rNMPs at DSB ends and
gaps before strand sealing by the LIG domain (8–13).
PE trims the short 30-ribonucleotide tracts produced by
POL to generate the 30-monoribonucleotide ends that
are the preferred substrates for sealing by bacterial
NHEJ ligases (13).
The crystal structure of the active phosphodiesterase
core of Pseudomonas aeruginosa PE (PaePE) revealed a
novel fold in which an eight-strand b-barrel with a hydro-
phobic interior supports a distinctive crescent-shaped
hydrophilic active site on its outer surface, wherein six
essential side chains coordinate manganese and a sul-
fate mimetic of the scissile phosphate (5). Missing from
the PaePE crystal structure was an N-terminal pep-
tide segment, deletion of which selectively diminished the
30-phosphomonoesterase activity of PaePE without affect-
ing the 30-phosphodiesterase (2). Protease-sensitivity and
solution NMR studies of bacterial PE show that the
N-terminal peptide is disordered (2,14).
The detection of stand-alone PE homologs in many bac-
terial, archaeal and eukaryal proteomes suggests that PEs
comprise a new and widely distributed DNA end-healing
superfamily (5). To test this idea, we’ve initiated studies of
the activities and structures of two archaeal PE proteins
(6). The PE of Methanosarcina barkeri (MbaPE; 151-aa)
conserves the PaePE b-barrel and active site constitu-
ents, plus a counterpart of the N-terminal peptide of
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MbaPE displays both 30-phosphodiesterase and
monoesterase activities a` la the bacterial LigD PE
domains (6). By contrast, the ‘minimized’ PE of
Candidatus Korarchaeum cryptoﬁlum (CkoPE; 117-aa)
comprises the PaePE b-barrel and active site constitu-
ents, but lacks a counterpart of the N-terminal peptide
of bacterial PE. Preliminary characterization of CkoPE
showed it to be proﬁcient as a 30-phosphodiesterase at a
DSB end with a 30-terminal diribonucleotide, but to
have relatively feeble phosphomonoesterase activity,
similar to the N-terminal deletant of PaePE (6).
We recently reported the atomic structures of CkoPE
and MbaPE with Mn
2+ and a phosphate anion bound in
their active sites and identiﬁed essential functional groups
by structure-guided mutagenesis (6). Concordance of
mutational effects on phosphodiesterase activity in
archaeal and bacterial PEs suggested conservation of
the PE catalytic mechanism. A notable sidebar to the
MbaPE structure was that the N-terminal peptide
segment, though present in the crystal, was invisible in
the electron density.
The high resolution of the CkoPE crystal structure
(1.1A ˚ ) recommends CkoPE as a model for further mech-
anistic studies of the PE family and for efforts to capture
crystallographic snapshots of PE enzymes along the
phosphodiesterase reaction pathway. In the present
study, we examine the substrate preference, reaction
optima and metal cofactor speciﬁcity of CkoPE.
Prompted by our ﬁndings, we determined new crystal
structures of the enzyme in complexes with cobalt and
zinc, which exemplify catalytically productive and
non-productive states of metal and phosphate binding,
respectively.
MATERIALS AND METHODS
Assay of PE activity
The 30-diribonucleotide-containing substrates used in the
30-PE assays were 50 32P-labeled and gel-puriﬁed. Where
indicated, the labeled single-stranded oligonucleotides
were annealed to a 4-fold molar excess of an unlabeled
complementary DNA strand to form a primer–template
structure. PE reaction mixtures (10ml) contained 50mM
Tris–HCl (pH 7.5), 0.5mM MnCl2, 0.5pmol 50 32P-labeled
substrate and CkoPE as speciﬁed. The reactions were
quenched by adding 5ml of 90% formamide, 50mM
EDTA, 0.1% bromophenol blue. The samples were
analyzed by electrophoresis through a 15-cm 24% poly-
acrylamide gel or a 40-cm 18% polyacrylamide gel con-
taining 8M urea in 0.45mM Tris–borate, 1.2mm EDTA.
The radiolabeled products were visualized by autoradiog-
raphy. The extents of reaction were quantiﬁed by scanning
the gel with a Fujix BAS2500 imager.
Crystallization, X-ray diffraction and structure
determination
The tag-free CkoPE protein was puriﬁed as described
previously (6). Crystallization was performed by
hanging-drop vapor diffusion at 22 C. Solutions of
0.7mM CkoPE and 10mM CoCl2 or ZnCl2 were mixed
1:1 with, and then equilibrated against, a reservoir
solution of 0.2M Na2HPO4 and 20% PEG-3350.
Crystals grew overnight and were cryoprotected with res-
ervoir solution containing 10% ethylene glycol prior to
ﬂash freezing in liquid nitrogen. Separate strategies were
used for collecting data employed in structure reﬁnement
and data used to conﬁrm the identity of the metal com-
plexed with the protein, as follows.
Diffraction data for structure determination of each
CkoPE·metal complex were collected at NSLS beamline
X25 equipped with a Pilatus 6M detector. The data set
comprised 370 oscillations of 0.5  each. The data were
integrated and reduced with MOSFLM and SCALA
(15). Diffraction statistics are compiled in Table 1.
Structures of the CkoPE·Co
2+ and CkoPE·Zn
2+
complexes were determined by reﬁning against the
CkoPE·Mn
2+ structure (PDB ID 3P4H) with cobalt or
zinc in place of manganese. Manual rebuilding was done
using COOT (16), after which the models were reﬁned in
PHENIX (17) using standard procedures. Reﬁnement
statistics are compiled in Table 1.
For the analysis of metal identity, a single crystal of
each CkoPE·metal complex was used to collect three
complete and highly redundant datasets (at NSLS
beamline X25 equipped with an ADSC-Q315 CCD
detector) at three different wavelengths using either
short exposure times (<0.5s) or beam attenuators to
minimize radiation damage. The wavelengths were
chosen in order to optimize the anomalous scattering for
each metal presumed to be present in the crystal. For the
zinc complex, complete datasets were collected at 1.2833,
1.2837 and 1.8990A ˚ , corresponding to the peak and in-
ﬂection energies of the K-edge absorption for zinc and the
peak absorption energy for manganese, respectively. For
the cobalt complex, datasets were collected at 1.6079,
1.6093 and 1.2836A ˚ , corresponding to the peak and in-
ﬂection energies of the K-edge absorption for cobalt and
the peak absorption energy for zinc, respectively. Exact
beamline energies were determined by measuring the
ﬂuorescence spectra of precipitant solutions containing
2mM manganese, 10mM cobalt and 10mM zinc and
correlating observed maxima with the energy setting of
the monochromator. The presence of cobalt or zinc in
the CkoPE crystals was conﬁrmed by in situ ﬂuorescence
scanning of each crystal prior to data collection. The con-
ﬁrmation that the metal present in the crystal sample was,
in fact, present at the active site was conducted as follows.
Phases from the previous CkoPE·Mn
2+ model were used
to create anomalous difference Fourier maps of each
metal complex. For both zinc and cobalt, only a single
large peak was present in the resulting map. For each
complex, the corresponding metal was placed at the
peak of the anomalous difference map and the resulting
structure was reﬁned in PHENIX. In conjunction with this
reﬁnement, the anomalous scattering factors for each
metal were reﬁned against observed Bijvoet differences
(compiled in Table 2).
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Substrate preference of CkoPE
CkoPE was reacted with a 50 32P-labeled 24-mer substrate
(D22R2) composed of 22 deoxynucleotides linked to a
30-terminal diribonucleotide, or with a primer–template
substrate formed by annealing the labeled D22R2 strand
to a 4-fold molar excess of a complementary 36-mer
all-DNA strand (Figure 1). The extents of 30-processing
during 30min incubation at 37 C were measured as a
function of input CkoPE (Figure 1). In both cases, the
D22R2 species was converted in a PE concentration-
dependent manner to a mixture of two products: (i) a pre-
dominant species D22R1p, the immediate product of the
30-phosphodiesterase reaction; and (ii) a minor species
D22R1OH, derived from D22R1p via the relatively feeble
phosphomonoesterase activity of CkoPE (Supplementary
Figure S1B). The speciﬁc activity of CkoPE with the
single-stranded D22R2 substrate was 4-fold greater than
that with the primer–template (Figure 1). Virtually all of
the input D22R2 strand was processed at saturating levels
of CkoPE. The product distribution ( 90% D22R1p and
 10% D22R1OH) did not vary signiﬁcantly with CkoPE
concentration or the presence of the complementary
template strand (data not shown). A control experiment
was performed in which we supplemented the D22R2 sub-
strate with a 4-fold molar excess of a 36-mer homo-
oligodeoxyadenylate strand. We found that the dA36
strand did not affect the speciﬁc activity of CkoPE
(Figure 1). Thus, we conclude that the decrement in
activity between the single-stranded and primer–template
substrates reﬂects suppressive effects of duplex secondary
structure. The preference of the CkoPE phosphodiesterase
for single-stranded 30-diribonucleotide substrates is in
contrast to PaePE, which is several fold more active as a
phosphodiesterase on a primer–template than on a
single-stranded substrate (1).
Effect of temperature
The preference for single-stranded substrates facilitated
analysis of the temperature-dependence of 30-processing
by CkoPE. The kinetics of 30-processing of the D22R2
single-strand by a 25-fold molar excess of CkoPE at
37 C and 55 C are shown in Figure 2. The data ﬁt well
to a single exponential with apparent rate constants of
0.18min
 1 at 37 C and 0.26min
 1 at 55 C. The
apparent rate constants at other temperatures were as
follows: 0.22min
 1 at 65 C; 0.25min
 1 at 45 C; and
0.05min
 1 at 23 C (data not shown). Activity at
Table 1. Crystallographic data and reﬁnement statistics
CkoPE·Zn
2+ CkoPE·Co
2+
Space group P21 P21
Unit cell dimensions @ 130K a=27.7A ˚ , b=58.6A ˚ , c=33.0A ˚ , b=102.4  a=27.7A ˚ , b=58.4A ˚ , c=33.1A ˚ , b=102.6 
Radiation Source NSLS-X25 NSLS-X25
Wavelength, A ˚ 1.282 1.282
Crystallographic Data Quality
Resolution, A ˚ 32.21–1.48 (1.56–1.48) 28.24–1.52 (1.60–1.52)
Rsym, % 2.8 (6.0) 3.8 (7.7)
Unique Reﬂections 16869 (2227) 15703 (2173)
Mean Redundancy 2.8 (2.1) 3.0 (2.6)
Completeness, % 97.9 (89.1) 98.8 (94.5)
Mean I/sI 16.8 (8.6) 17.7 (8.6)
Reﬁnement and Model Statistics, F>sF
Resolution, A ˚ 29.3–1.48 (1.53–1.48) 24.6–1.52 (1.57–1.52)
Completeness, % 98.9 (84.8) 99.7 (92.0)
Rfree/Rwork, % 18.0/14.7 (23.8/18.5) 18.7/15.7 (25.3/18.8)
RMS Deviation for Bonds Lengths 0.0129A ˚ 0.0092A ˚
RMS Deviation for Bonds Angles 1.491  1.297 
Ramachandran plot 98.4% favored; no outliers 98.4% favored; no outliers
B-factors, A ˚ 2 Wilson / Overall 11.7 / 17.0 12.5 /16.2
Model Contents
Amino acid residues 118 118
Heteroatoms 1 PO4, 1 Zn, 1 PEG 1 PO4, 1 Co, 1 PEG
Waters 207 203
PDB ID 3TA7 3TA5
Standard deﬁnitions are used for all of the parameters. Figures in parentheses refer to data in the highest resolution bin. The reﬁnement and
geometric statistics come from PHENIX. Rsym output as Rmerge by MOSFLM. Rfree sets for cross validation consisted of 5% of data selected at
random against which structures were not reﬁned.
Table 2. Reﬁnement of anomalous scattering factors
  (A ˚ )e V f 0 (obs) f0 (calc) f00 (obs) f00 (calc)
CkoPE·Zn
2+ 1.2833 9661.3 –5.39 –8.10 4.17 3.97
1.2837 9658.4 –6.33 –8.01 2.44 2.13
1.8990 6536.8 –2.28 –0.96 0.78 1.00
CkoPE·Co
2+ 1.6079 7711.0 –5.04 –8.17 5.01 3.97
1.6093 7704.2 –6.70 –7.46 2.59 0.45
1.2836 9641.8 –0.52 –0.41 2.35 2.73
Observed values for f0 and f00 were determined by reﬁnement of anom-
alous scattering factors for a single atom placed at the active site
against observed Bijvoet differences. Calculated values are compared
from the http://skuld.bmsc.washington.edu/scatter/website.
830 Nucleic Acids Research, 2012,Vol. 40,No. 2elevated temperatures is consistent with the thermophilic
growth properties of Candidatus Korarchaeum cryptoﬁlum
(18). CkoPE activity on the D22R2 substrate at 37 C dis-
played a broad and ﬂat pH optimum from pH 5.5 to 9.0 in
50mM Tris–acetate or Tris–HCl buffers (data not shown).
Activity was virtually abolished at pH 4.5 and 10.0 (data
not shown).
Effect of substrate length
We incrementally trimmed the D22R2 substrate from its
50-end to yield 12-mer (D10R2) and 6-mer (D4R2) strands
with the same 30-nucleotide sequence and diribonucleotide
termini (Figure 3). We compared them at equimolar con-
centrations as substrates for CkoPE. Shortening the sub-
strate from 24 to 12nt elicited a 2- to 3-fold decrement in
speciﬁc activity (Figure 3), though processing of D10R2
proceeded to near completion at the highest enzyme levels
tested and the product distribution (predominated by
D10R1p) was similar to that seen with the 24-mer sub-
strate. A more drastic decline in activity was seen when the
substrate was shortened to a 6-mer, to wit, the speciﬁc
activity with D4R2 was 28-fold lower than that with
D22R2 and the yield of processed ends did not exceed
10% of the input substrate at the highest enzyme levels
tested (Figure 3). These results suggest that CkoPE
engages the oligonucleotide substrate at some distance
from the 30-diribonucleotide terminus at which PE chem-
istry occurs.
Inhibition by anions
Available crystal structures of bacterial and archaeal PE
proteins are notable for the presence of an oxyanion
(either phosphate or sulfate) in the active site (5,6). We
presume that the oxyanion occupies the site at which the
scissile phosphodiester is engaged, in which case suitable
inorganic anions might compete with substrate binding
and inhibit CkoPE activity. Here we tested the effects of
increasing concentrations of sodium chloride, sodium
phosphate and sodium vanadate on 30-resection of the
D22R2 substrate. Chloride was a relatively weak inhibi-
tor, with an IC50 of  150mM (Figure 4). Phosphate was a
better inhibitor than chloride, with an IC50 of  50mM
(Figure 4). Vanadate was considerably more potent;
10mM vanadate reduced product formation to <1% of
the control value (Figure 4). The hierarchy of inhibition
suggests non-speciﬁc electrostatic effects of chloride on
CkoPE binding to the oligonucleotide backbone, more se-
lective effects of phosphate anion competing with sub-
strate for binding to the CkoPE active site, and even
more avid binding by vanadate as a putative
transition-state mimetic owing to its capacity for
adoption of trigonal bipyramidal geometry (19).
Divalent cation speciﬁcity
The 30-processing activity of CkoPE with the D22R2
single-stranded substrate was strictly dependent on a
Figure 1. CkoPE prefers a single stranded substrate versus a primer
template. PE reaction mixtures (10ml) containing 50mM Tris–HCl
(pH 7.5), 0.5mM MnCl2, 500fmol
32P-labeled substrate as speciﬁed
and increasing amounts of CkoPE were incubated for 30min at 37 C.
The products were resolved by urea–PAGE and visualized by autoradi-
ography. Product formation was quantiﬁed and plotted as a function of
input CkoPE. Each datum is the average of three independent experi-
ments (±SEM). Substrates are shown below the graph, with the
50-
32P-label (p) indicated by ﬁlled circle and the ribonucleotides high-
lighted in shaded boxes.
Figure 2. Single-turnover kinetics. PE reaction mixtures containing
50mM Tris–HCl (pH 7.5), 0.5mM MnCl2,5 0 n M
32P-labeled D22R2
substrate (shown above the graph) and 1.25mM CkoPE were incubated
at 37 Co r5 5  C. Aliquots (10ml, containing 500fmol of substrate) were
withdrawn at 0.5, 1, 2, 5, 10, 15 and 30min and quenched immediately.
The time 0 sample was withdrawn prior to adding CkoPE. The
products were resolved by urea–PAGE and visualized by autoradiog-
raphy. Each datum is the average of three independent experiments
(±SEM). Apparent rate constants were calculated by non-linear regres-
sion ﬁtting of the data to a one-phase association function in PRISM.
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satisﬁed by 0.5mM manganese, cobalt, copper or
cadmium (Figure 5A). Magnesium, nickel and zinc were
ineffective, and calcium was only weakly active
(Figure 5A). The metal speciﬁcity seen here was broader
than that reported previously for CkoPE activity with a
primer–template substrate, which was dependent on man-
ganese and was ineffective in the presence of cobalt,
copper and cadmium (6). We suspect this difference
might be attributable to adverse effects of cobalt, copper
and cadmium on CkoPE recognition of a duplex substrate
(conceivably by altering its conformation or electrostatics)
that do not apply to the preferred single-stranded sub-
strate. Additional insights to the metal speciﬁcity of
CkoPE with the D22R2 single-strand were provided by
mixing experiments, in which reaction solutions contain-
ing 0.5mM manganese were supplemented with 0.5mM of
each of the series of divalent cations. Nickel and zinc in-
hibited PE activity in the presence of manganese (data not
shown), suggesting that these metals might compete with
manganese for a putative metal-binding site on the
enzyme, wherein engaged they are unable to support
reaction chemistry. Titration of zinc against 0.5mM man-
ganese revealed a concentration-dependent inhibition with
an IC50 of  75mM, suggesting that CkoPE has a higher
afﬁnity for zinc than manganese. Other metals that were
ineffective per se (e.g. magnesium and calcium) had no
such deleterious effect in combination with manganese
(data not shown), suggesting that magnesium and
calcium do not bind avidly to the CkoPE active site.
Crystallization of CkoPE in complexes with cobalt
and zinc
To gain better insights to the distinctive metal speciﬁcity
of CkoPE, we attempted to grow crystals of the protein
after pre-mixing with various divalent cations that either
supported catalytic activity (cobalt) or inhibited activity in
the presence of manganese (zinc and nickel). Crystals of
CkoPE·Co
2+ and CkoPE·Zn
2+ grew overnight by vapor
diffusion against a precipitant solution containing
PEG-3350 and 0.2M sodium phosphate. (We were unsuc-
cessful in crystallizing CkoPE in the presence of magne-
sium, calcium, copper, nickel or cadmium under these
conditions.) Diffraction data at  1.5A ˚ resolution were
collected for CkoPE·Co
2+ and CkoPE·Zn
2+ crystals in
space group P21. The structures were solved by reﬁnement
against the 1.1A ˚ CkoPE·Mn
2+ structure reported previ-
ously (6). The diffraction data statistics and reﬁnement
statistics are compiled in Table 1. The tertiary structure
of CkoPE·Co
2+ and CkoPE·Zn
2+ were extremely similar
to one another (rmsd of 0.09A ˚ at all Ca positions) and
also to CkoPE·Mn
2+ (rmsds of 0.15A ˚ at all Ca positions
for CkoPE·Co
2+ versus CkoPE·Mn
2+ and 0.19A ˚ at all
Ca positions for CkoPE·Zn
2+ versus CkoPE·Mn
2+). The
salient features of the two new structures pertain to their
active sites.
The electron density map for the CkoPE·Co
2+ active
site (Figure 6A) highlights an octahedral coordination
Figure 3. Inﬂuence of substrate length on CkoPE activity. PE reaction
mixtures (10ml) containing 50mM Tris–HCl (pH 7.5), 0.5mM MnCl2,
500fmol
32P-labeled 24-mer, 12-mer or 6-mer single stranded substrates
and CkoPE as speciﬁed were incubated for 30min at 37 C. The
products were analyzed by urea–PAGE and visualized by autoradiog-
raphy. Extents of conversion were quantiﬁed and plotted as a function
of input CkoPE. Each datum is the average of three independent ex-
periments (±SEM). Substrates are shown below the graph, with the
50-
32P-label (p) indicated by ﬁlled circle and the ribonucleotides high-
lighted in shaded boxes.
Figure 4. Inhibition by anions. PE reaction mixtures (10ml) containing
50mM Tris–HCl (pH 7.5), 0.5mM MnCl2, 500fmol
32P-labeled D22R2
substrate, 6pmol CkoPE and sodium vanadate, sodium phosphate, or
sodium chloride as indicated were incubated for 30min at 37 C. The
stock solution (100mM) of activated sodium vanadate was prepared by
dissolving sodium orthovanadate (Sigma) in water, heating the solution
for 5min at 90 C and then adjusting the pH to 10.0–10.5 with NaOH,
at which point the solution was clear and colorless. Addition of 1mlo f
the vanadate stock to the PE reaction mixture to achieve the highest
ﬁnal concentration tested in this experiment (10mM vanadate) elicited
a slight increase in the pH of the reaction mixture (to pH 8.0), which
does not affect PE activity per se. Extents of product formation are
plotted as a function of anion concentration. Each datum is the average
of three independent experiments (±SEM).
832 Nucleic Acids Research, 2012,Vol. 40,No. 2complex about the cobalt ion, which is rendered as a blue
sphere surrounded by its 20s anomalous difference
density. Adjacent to the metal ion is a tetrahedral
density corresponding to phosphate anion. The cobalt
ligands are His9-Nd, His15-Ne, Asp17-Oe and a phos-
phate oxygen (Figure 6A), plus two waters
(Supplementary Figure S2A and Figure 7, middle panel).
The phosphate is bound in the active site via its atomic
contacts to cobalt, the essential side chains Arg19 and
His51, and a water-bridged contact to Tyr55 (Figure 7,
middle panel). The instructive point is that the metal
and phosphate positions and the atomic contacts in the
active site are virtually identical in the CkoPE·Mn
2+ and
CkoPE·Co
2+ structures (Figure 7, compare top and
middle panels). Thus, the ‘good’ metals manganese
and cobalt have a common productive binding mode to
the CkoPE active site.
By contrast, Zn
2+ (rendered as an orange sphere in
Figure 6B and Supplementary Figure S2B) binds in the
active site at the center of a tetrahedral coordination
complex with His9, His15, Asp17 and phosphate anion
(Figure 7, bottom panel). Moreover, the position, orien-
tation and atomic contacts of the phosphate anion are
shifted in the CkoPE·Zn
2+ active site compared to the
manganese and cobalt complexes (Figure 7, bottom
panel). For example, whereas Arg19, Tyr55 and
the metal ion contact the same phosphate oxygen in the
CkoPE·Mn
2+ and CkoPE·Co
2+ structures, these three
ligands engage three different phosphate oxygens in
the CkoPE·Zn
2+ active site (Figure 7). In addition, the
interaction of the phosphate with the essential His51
side chain (seen in CkoPE·Mn
2+ and CkoPE·Co
2+)i s
lost in the CkoPE·Zn
2+ active site (Figure 7).
To verify the metal assignments in the active sites of the
two new structures reported here, we collected diffraction
data at three additional wavelengths chosen in order to
optimize the anomalous scattering for each metal
presumed to be present in the CkoPE crystal. The anom-
alous scattering factors for the active site metals were
reﬁned against the observed Bijvoet differences
(Table 2). In the case of CkoPE·Zn
2+ complex, the
values for f00 dropped by roughly half when reﬁned
Figure 5. Divalent cation speciﬁcity of CkoPE. (A) PE reaction
mixtures (10ml) containing 50mM Tris–HCl (pH 7.5), 500fmol
32P-labeled 24-mer single stranded substrate, 6pmol CkoPE and
0.5mM of the indicated divalent cations were incubated for 20min at
37 C. The reactions were quenched with EDTA/formamide. The
products were analyzed by urea–PAGE and visualized by autoradiog-
raphy. Extents of conversion were quantiﬁed and plotted in bar graph
format. Each datum is the average of three independent experiments
(±SEM). (B) PE reaction mixtures (10ml) containing 50mM Tris–HCl
(pH 7.5), 0.5mM MnCl2, 500fmol
32P-labeled 24-mer single stranded
substrate, 3pmol CkoPE and increasing concentrations of ZnCl2 as
speciﬁed were incubated for 20min at 37 C. Product formation is
plotted as a function of input Zn
2+. Each datum is the average of
three independent experiments (±SEM).
Figure 6. CkoPE·Co
2+ and CkoPE·Zn
2+ active site electron density.
Stereo views of 2fo–fc density maps of the CkoPE·Co
2+ (panel A) and
CkoPE·Zn
2+ (panel B) active sites contoured at 2s (gray mesh). The
magenta mesh is the anomalous difference density for the cobalt and
zinc ions contoured at 20s.
Nucleic AcidsResearch, 2012, Vol.40,No. 2 833against data collected at energies corresponding to a the-
oretical x-ray absorption maximum and inﬂection for zinc
(1.2833A ˚ and 1.2837A ˚ , respectively), though these
energies differ by only a few electron volts (eV). Because
these transitions are atom-speciﬁc, the observation of such
a change suggests that the anomalous scatterer observed
at the active site of the complex was, in fact, zinc.
Similarly, the reﬁned values for the dispersive differences
(f0) for zinc at each of these two wavelengths were consist-
ent with theoretical values for zinc (Table 2).
Furthermore, the relatively low value for f00 observed for
the zinc complex collected at the manganese absorption
peak (1.899A ˚ ) is entirely in line with the theoretical scat-
tering for zinc at this wavelength and dismisses the possi-
bility of any signiﬁcant co-occupancy of the active site by
manganese in the zinc complex structure.
For the CkoPE·Co
2+ complex, a sharp drop in f00 was
observed when reﬁning data collected at the theoretical
cobalt peak and inﬂection energies (1.6079A ˚ and
1.6093A ˚ , respectively), indicative of cobalt being present
in the complex (Table 2). Likewise, reﬁned values for f0 at
these wavelengths are consistent with cobalt. Lastly, the
value for f00 observed for the cobalt complex at the zinc
absorption maximum precludes the presence of zinc at the
active site of this complex (Table 2).
CONCLUSION
Our biochemical and structural analyses show that:
(i) CkoPE selectively binds to ‘soft’ metals in either pro-
ductive (manganese, cobalt) or non-productive (zinc)
modes; and (ii) CkoPE catalysis depends acutely on a
proper metal and scissile phosphate geometries. The con-
servation of tertiary structure and active site architecture
in archaeal and bacterial PEs suggests that the
good-metal/bad-metal dichotomy applies generally to the
PE superfamily, all of which are manganese-dependent
and none of which are active with zinc (2,4). The present
study fortiﬁes the prediction of a common catalytic mech-
anism for the phosphodiesterase step via transition state
stabilization by the metal and by essential arginine and
histidine side chains. The tetrahedral coordination of
zinc in the active site results in a subtle but signiﬁcant
distortion of the phosphate orientation and contacts, es-
pecially the severance of the phosphate contact to an
essential histidine. Selectivity for manganese over magne-
sium is a shared feature of archaeal and bacterial PEs. We
have suggested that this preference is attributable to the
soft metal contacts with histidine nitrogens at two of the
six positions of the productive octahedral coordination
complex.
The present ﬁndings add to a growing appreciation of
the role of manganese in DNA repair and clastogen resist-
ance (20). With respect to the bacterial NHEJ enzymes,
manganese (or cobalt) serves as the essential cofactor for
the catalytic activity of the POL module of LigD (magne-
sium being ineffective or less effective for LigD POL
activity in vitro) (4,8), and manganese is the preferred
cofactor (over magnesium) for the strand sealing activity
of the bacterial NHEJ ligases (4). The crystal structure of
the LigD POL domain bound to a nucleoside triphosphate
substrate revealed two manganese ions in the active site, in
complete and partially ﬁlled octahedral coordination
complexes with three essential carboxylate side chains
and the NTP phosphate oxygens (9). Thus, the selectivity
of the LigD POL for manganese (or cobalt) over magne-
sium is not explained by reliance on soft amino acid metal
ligands. The structure of the LigD LIG domain suggests
that carboxylates are the likely metal ligands (21), as they
are for all other ligases that utilize magnesium as the
preferred cofactor. At this point, it is not clear why bac-
terial NHEJ ligases prefer manganese over magnesium,
Figure 7. Comparison of the CkoPE active sites in complex with man-
ganese, cobalt and zinc. Stereo views of the active sites of CkoPE·Mn
2+
(top panel), CkoPE·Co
2+ (middle panel) and CkoPE·Zn
2+ (bottom
panel). Selected amino acid side-chain atoms are rendered as stick
models. A phosphate anion (a putative mimic of the scissile phosphate)
is shown as a stick model. Manganese, cobalt and zinc are depicted as
magenta, cyan and orange spheres, respectively. Waters are shown as
red spheres. Interatomic contacts are indicated by dashed lines.
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preference for sealing broken nucleic acids with
30-monoribonucleotide ends (13). Other instances of
strong manganese preference have been described for
polynucleotide ligases from Deinococcus radiodurans
(22,23), an organism that depends on manganese for its
resistance to oxidative damage (20). The exonuclease
Mre11, a key player in DNA recombination, and the
RNA 30-end-healing enzyme CthPnkp, are also
manganese-dependent (24,25), consistent with the fact
that Mre11 and the 30-phosphoesterase module of
CthPnkp belong to the binuclear metallophosphoestease
superfamily, deﬁned by a common fold and metal-binding
site entailing octahedral coordination of the metals to
three histidine side chains (26,27).
Our characterization of CkoPE raises several ques-
tions about its contributions to DNA repair and the pro-
spects of regulation by metal availability. Whereas the
bacterial PE proteins and many of the stand-alone
archaeal PEs have a conserved N-terminal peptide that
confers vigorous 30-phosphomonoesterase activity in
addition to the 30-ribonucleoside-resecting phospho-
diesterase, CkoPE lacks the N-domain and is a feeble
30-phosphomonoesterase. Thus, for CkoPE to provide a
full end-healing function on a DNA substrate containing
30-ribonucleotides, it must either be assisted by a second
enzyme with 30-phosphomonoesterase activity, or have
30-phosphomonoesterase activity conferred on the core
PE fold by interaction with a hypothetical regulatory
protein (i.e. that acts as a functional analog of the
N-terminal peptide of other PEs). It is conceivable that
the 30-phosphodiesterase of CkoPE acts on termini other
than a 30-diribonucleotide (e.g. damaged ends) that might
be relevant to end-healing. Our ﬁndings that
non-productive binding of zinc to the PE active site can
compete with the productive binding of manganese and
thereby suppress PE activity (quite effectively when
both metals are at equal concentration) prompts the
question of how PE enzymes acquire a good metal
in vivo. Import or intracellular mobilization of manganese
under conditions of genotoxic stress (20) is a potential
means to ensure that manganese-dependent repair func-
tions are available when needed. There is clearly more to
learn about the physiology of the PE enzyme family,
though signiﬁcant obstacles are imposed by the lack of
well-developed genetics in the archaeal taxa that have
PE proteins and the lack of speciﬁc assays for 30-end-
healing in vivo (28) in the PE-encoding bacteria that are
tractable genetically.
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